Influenza virus infects and damages epithelial cells of the human respiratory tract (Murphy & Webster, 1990) . However, the mechanisms of influenza virus-induced cell death in vivo are still undefined.
Apoptosis is an active and physiological type of cell death characterized morphologically by nuclear fragmentation and cellular breakdown into apoptotic bodies (Wyllie, 1981) and biochemically by chromosomal DNA fragmentation into oligonucleosornes (Jones et al., 1989) . Recently, it has been shown that the influenza virusinduced death of cultured mammalian cells occurs through apoptosis (Takizawa et al., 1993; Hinshaw et al., 1994) . Using the in situ nick end-labelling procedure, we investigated whether apoptosis is induced in cells of the lung and lymphoid tissues following intranasal infection of mice with influenza virus.
The human influenza virus A/PR/8/34 was adapted to mice through serial lung passages to produce a virulent strain and propagated routinely by allantoic inoculation of 10-day-old embryonated eggs with 10 a p.f.u, of seed virus. Virus infectivity was assayed by the plaque titration on MDCK cell monolayers in the presence of acetyltrypsin (1 lag/ml; Sigma). For UV inactivation, stock virus (5 × 108 p.f.u./ml) was exposed to a 15 W UV lamp at a distance of 15 cm at 4 °C for 45min with continuous and gentle stirring. After irradiation, infectivity was reduced to < 10 7 of the original, but haemagglutinating activity was well preserved.
Male C3H/HeJ mice (Clea Japan) were purchased at 6 weeks of age and were acclimatized for 1 week before use. Mice had fresh water and autoclaved food and were kept at 23 °C under bioclean conditions throughout the * Author for correspondence. Fax +81 776 61 8104. experiments. Mice were mildly anaesthetized with diethyl ether and inoculated in the right nostril with 103 p.f.u, of the virus (4 LDso) in 25 ~tl of PBS. In this condition, all of the infected mice were emaciated with severe respiratory symptoms, and 82.2 % of mice died within 7 days. In some experiments, mice were inoculated with 25 ~tl of UV-inactivated virus. Control mice received 25 ~tl of PBS.
Mice were anaesthetized and perfused with 4% paraformaldehyde. Tissues including the lung, brain, heart, liver, spleen and thymus were removed, post-fixed with the same fixative at 4 °C for 24 h, dehydrated and then embedded in paraffin wax, Sections of 2 ~tm thickness were cut on a microtome, and were stained for influenza A virus antigens by the streptavidinbiotin-peroxidase method using a Histofine kit (Nichirei) as described previously (Mori, et al., 1995) . The primary antibody was prepared by intravenously injecting a rabbit three times with the purified influenza A/PR/8 virus. Sections from infected mice treated with rabbit control serum were used as a negative control. Tissues from uninfected mice were also used as another control. To understand the structure and function of the mouse lung, general reviews were referred to (Reznik-Schiiller & Reznik, 1979; Kauffman, 1980) . Apoptosis was demonstrated in tissue sections using an Apop Tag kit (Oncor) according to the manufacturer's instructions with some modifications. The tissue sections were dewaxed in xylene, rehydrated through a graded ethanol series and washed in PBS. After digestion with proteinase K (20 pg/ml in PBS; Boehringer-Mannheim) for 10 rain at room temperature, endogenous peroxidase activity was inactivated with 2.0 % hydrogen peroxide in PBS for 5 rain. The sections were incubated in the equilibration buffer for 15 s, in the reaction buffer containing terminal deoxynucleotidyl transferase for 15 rain at 37 °C, and in the stop/wash buffer for 30 min 0001-3380 © 1995 SGM at 37 °C. After rinsing in PBS, the sections were reacted with anti-digoxigenin (DIG) antibody conjugated with peroxidase for 15rain at room temperature and incubated with 3,3'-diaminobenzidine tetrachloride. The slides were counterstained with methyl green. In negative controls, distilled water was substituted for terminal deoxynucleotidyl transferase. Positive controls were used consisting of sections treated with DNaseI (Boehringer-Mannheim, 200 ng/ml in 10 mM-Tris-HC1, 10 mM-NaC1, 5 mM-MgCI2, 0-1 mM-CaClx and 25 mM-KC1 pH 7-5) at 37 °C for 30 min to introduce breaks in nuclear DNA. Frequency of apoptosis observed in lymphoid tissues was expressed as an apoptotic index (%), which is the sum of the number of nuclei in the field presenting positive signal divided by the total number of nuclei in the field (Del Vecchio et al., 1991) . For this purpose, at least 2000 cells were counted for each part of tissue preparations. Values of apoptotic indices were compared by )¢2 test between infected and uninfected mice. Statistical significance was defined as P < 0.05.
Short communication
A time course study of the viral growth in intranasally inoculated mice was carried out. Three days postinfection (p.i.) the virus titre in the lung reached its peak (107"~-+°1 p.f.u.) and thereafter diminished in the subsequent 7 days. Histopathological investigation of the lung 3 days p.i. revealed destruction of the bronchial/ bronchiolar epithelium and alveolar architecture. Many cells, with or without detectable viral proteins, showed fragmented nuclei and densely aggregated chromatin compatible with features of apoptosis (Fig. 1) , The bronchial/bronchiolar lumen was partly occupied by the desquamated cell aggregate together with mononuclear cells and neutrophils. Cell infiltration was also observed in the peribronchial/peribronchiolar and alveolar interstitium. No histopathological changes were found in extrapulmonary tissues of infected mice, save for the spleen and thymus in which apoptotic cells were more frequently observed than in the control. Viral proteins were not detected in these lymphoid tissues of infected mice.
Apoptosis was demonstrated by the nick end-labelling of DNA in situ (Fig. 2) . In the lung 3 days p.i., intense apoptosis-specific signal was detected along the bronchial/bronchiolar epithelium and in the desquamated cell aggregate in the lumen. Signal was also found in cells of the alveolar wall and the peribronchial/ peribronchiolar interstitium. In the spleen and thymus 3 days p.i., apoptosis was detected with a significantly higher frequency than in the control (Fig. 2, Table 1 ). When mice received the UV-inactivated virus, no histopathological change was found in the lung and the histochemistry could not detect viral proteins.
This study provides direct evidence that intranasal infection of mice with influenza virus brings about morphological alterations compatible with apoptosis and chromosomal DNA fragmentation in cells of the lung and also lymphoid cells. These two conditions lead to a conclusion that the influenza virus induces apoptosis in vivo. Some virus-infected cells displayed no apoptotic figures. In these cells apoptosis might already be triggered and morphological changes would follow. Otherwise, some lung cells might be resistant to virus-induced apoptosis and die through the process of necrosis. Apoptosis would be triggered in lung cells by the direct action of the virus as demonstrated through recent in vitro experiments (Takizawa et at., 1993; Hinshaw et al., 1994) . Alternatively, the host immune response, acting through cytotoxic lymphocytes (Zychlinsky et al., 1991) and cytokines such as tumour necrosis factor-~ (Larrick & Wright, 1990) may also contribute to the induction of apoptosis.
Of interest is the induction of apoptosis in lymphoid tissues following infection. In our mouse model, viraemia can be detected by PCR from 1 to 5 days p.i. (unpublished data). The virus is present in extrapulmonary tissues, including the spleen and thymus, and viral genes are transiently expressed. The direct and/or indirect mechanism(s) mentioned above might also act to trigger apoptosis in lymphoid cells. Another possibility is that the physical stress accompanying the pneumonia might induce glucocorticoid receptor-mediated apoptosis of thymocytes (Concordet & Ferry, 1993) . Van Campen et at. (1989) have reported that infection of chickens by a virulent avian influenza A virus results in severe lymphoid cell damage. Recently, it has been shown in an in vitro experiment that the lymphocyte death is associated with apoptosis (Hinshaw et al., 1994) . Apoptosis-associated lymphocyte death has also been reported in relation to other viruses including human immunodeficiency virus (McCabe & Orrenius, 1992; Meyaard et al., 1992) , chicken anaemia virus (Jeurissen et al., 1992) and infectious bursal disease virus (Vasconcelos & Lain, 1994) . Apoptosis induced in lymphoid tissues may account for immunosuppression partly occupying the bronchial lumen. Note many fragmented nuclei, visible as a granular pattern, in the specifically stained epithelium. Signals are found also in mononuclear cell-infiltrated perlbronchial interstitium (c, arrows). (at) Signal can also be seen in the alveolar wall. When terminal deoxynucleotidyl transferase is omitted, the signal is not evident in the bronchus (e) and the alveolar wall (]). indicating the specificity of the reaction. The cortex of the thymus of the normal mouse shows some apoptosis-positive cells (g), but that of the infected mouse manifests an increased appearance of apoptosis (h). The bar marker represents 25 lain. and lymphocytopenia which are well documented during the acute phase of influenza (Murphy & Webster, 1990 ). On the other hand, nucleosomes, released from lymphoid cells during apoptosis, are known to induce polyclonal activation and autoantibody formation (Bell et al., 1990) .
